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Abstract  
von Stedingk, H. 2006. History of Picea abies in west central Sweden - applications of 
pollen analysis to reveal past local presence of trees. 
Doctoral dissertation. 
ISSN 1652-6880, ISBN 91-576-7141-9 
 
Early Holocene Picea megafossils found in west central Sweden have challenged the 
prevailing theory based on pollen analysis that Picea migrated to Scandinavia during the 
second half of the Holocene. Pollen analyses is the most used method for the study of past 
vegetation dynamics; however, in the study of the postglacial immigration of Picea or for 
studies at the forest-tundra ecotone where the local pollen production is low, it is crucial to 
be able to separate locally produced tree pollen from pollen coming from distant forests. 
This thesis aims to explore methods to facilitate the separation of local pollen from 
background pollen and thereby enable the inference of the local establishment of Picea 
abies at a site, to evaluate whether the Picea megafossils can be confirmed by pollen 
analysis, and to investigate the pollen-vegetation relationship at the forest-tundra ecotone.  
Pollen analysis was carried out from mires situated near early to mid Holocene Picea 
megafossil sites in west central Sweden. The relationship between pollen from moss 
polsters and the surrounding vegetation was analysed with models for pollen dispersal and 
deposition.  In a simulation study a landscape model for Holocene tree-line fluctuations 
based on palaeoecological data representing different time slices was evaluated by the 
comparison of numerous simulated pollen counts from different elevations with actual 
pollen diagrams.  
The results show that it is possible to confirm the megafossils with pollen analyses, 
provided that the pollen sampling site is within tens of meters from the megafossil site. The 
timing of local Picea establishment and expansion differed between nearby sites. 
Parameters to facilitate the understanding of pollen-vegetation relationships at the forest-
tundra ecotone were established: pollen productivity estimates (PPE), relevant source area 
of pollen (RSAP), and background and local pollen. The PPE at the forest-tundra ecotone 
differed from estimates in southern Sweden, showing varied responses to climate on pollen 
production for assorted taxa. It was concluded that the use of multiple adjacent sites for 
pollen analyses, calibration of modern pollen and current vegetation, and the simulation 
approach are applications that facilitate the interpretation of pollen analysis in terms of 
local presence of trees. 
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Appendix  
Papers I-IV 
The present thesis is based on the following papers, which will be referred to by 
their Roman numerals: 
 
I. Segerström U. & von Stedingk, H. 2003. Early Holocene Picea  abies (L.) 
Karst., in west central Sweden as revealed by pollen analysis. Holocene 13, 897-
906. 
 
II. von Stedingk, H., Ek, L.-G., Hörnberg, G. & Segerström, U. Post-glacial 
establishment of Picea abies (L.) Karst. in the central Scandes. Manuscript. 
 
III. von Stedingk, H., Fyfe, R.M. & Allard, A. Pollen productivity estimates for 
the reconstruction of past vegetation at the forest-tundra ecotone. Submitted 
manuscript. 
 
IV. von Stedingk, H. & Fyfe R.M. The use of pollen analysis to reveal Holocene 
tree-line dynamics – a modelling approach. Submitted manuscript. 
 
 
 
Paper I is reproduced by kind permission of SAGE Publications. 
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Introduction 
Hesselman’s question 
At the 16
th convention of Scandinavian naturalists in Oslo 1916 the Swedish 
scientist Lennart von Post presented pollen analyses as a method; that preserved 
pollen in peat profiles could reflect past vegetation changes (von Post 1918). Since 
then pollen analysis has been the most used method for the study of vegetation 
dynamics of the late Quaternary (Lowe & Walker 1997). At the discussion 
following the same lecture held in Stockholm a few months later, Henrik 
Hesselman, professor at the Swedish forest institute, raised a critical comment that 
has been a challenge to palynologists ever since: how could von Post possibly 
distinguish pollen contributed by a few trees in an unusual habitat from pollen 
produced by distant forests (Hesselman 1916)?  
 
Confusions regarding Picea abies migration to Scandinavia  
The immigration of Picea abies (L.) Karst. to Scandinavia is a classic problem in 
palaeoecology that brings Hesselman’s question to a head. At the end of the 19th 
century it was already held clear that Picea  abies arrived much later to 
Scandinavia than the other major tree taxa of the Scandinavian boreal forest 
following deglaciation, based on stratigraphical observations of macrofossils in 
peat (Gløersen 1884, Sernander 1892, Anderson 1896). They also suggested an 
east to west migration route for Picea abies. In his introductory lecture on pollen 
analysis von Post (1918) discussed the small frequencies of Picea pollen that 
precede the rise of the Picea pollen curve, and proposed that these small pollen 
frequencies represented scattered outposts of Picea. He further concluded that 
these outposts were important for the rapid establishment of Picea as a major 
forest constituent. Knut Fægri, one of the most influential palynologists of modern 
Quaternary palaeoecology (Birks 2002), clearly discarded the tail of Picea pollen 
as long distance transport only (Fægri 1950). After some years of passivity in the 
back wash of Professor Fægri’s statement, the study of Picea migration advanced 
with the introduction of radiometric dating (Libby 1952). The new dating method 
made it possible to make comparisons of the timing of the expansion between 
regions. Thanks to the growing number of radiocarbon dated pollen analyses the 
expansion of Picea  abies in Scandinavia could be mapped (e.g. Moe 1970, 
Tallantire 1977, Huntley & Birks 1983, Hafsten 1992).  
 
The low frequencies preceding the increase in the Picea pollen curves, 
sometimes as almost continuous tails going back to the early Holocene, was of 
minor interest for these studies that focused on the forest establishment pattern of 
Picea (Moe 1970, Tallantire 1977). With the finds of late glacial and early 
Holocene Picea megafossils in the southern Swedish Scandes (Kullman 1995a, 
1996, 2000) the theory of early Picea outposts regained interest. The megafossils 
were evidence of a Picea presence much longer back in time and much further 
west than earlier considered. A recent study by Giesecke and Bennett (2004) has 
addressed the large scale Picea migration to Fennoscandia based on interpolations 
between pollen analyses from numerous sites, and the discrepancy between the  
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pollen and megafossil record is evident. Kullman (2000) has declared the failure 
of pollen analysis to reflect the late glacial and early Holocene outposts of Picea 
abies inferred from finds of megafossils. A confirmation of these megafossils by 
pollen analysis can give better information on the population size of the Picea 
outposts, but also offer an opportunity to test and push the limit of the spatial 
resolution of pollen analysis i.e. can pollen analysis be used to reflect scattered 
small populations or even single trees? This thesis is the first study to examine the 
megafossil sites (Kullman 2000) with a palynological approach (Papers I and II). 
  
The problem with pollen studies at the forest-tundra ecotone 
Hesselman’s question is also of importance for studies at the forest-tundra ecotone 
i.e. the transition zone between forest and tree-less alpine heath, with a generally 
low total pollen production and thus a high proportion of pollen coming from 
distant sources. Pollen coming from trees growing below the tree-line tend to 
overshadow the local vegetation changes, which makes studies of tree-line and 
forest-limit fluctuations difficult to interpret with traditional pollen analysis only 
(Birks & Birks 2000). Besides low pollen production due to harsh climate, the 
relative pollen production of the major taxa at the forest-tundra ecotone may differ 
from other regions. This assumption is based on the observation that many plants 
at the forest-tundra ecotone show variations in growth form (e.g. more prostrate) 
and reproduction strategies (a higher frequency of vegetative reproduction). 
Further, these environments mark the altitudinal and latitudinal extent of the range 
of many species. Therefore the pollen spectrum recorded at the forest-tundra 
ecotone cannot be interpreted by the same means as other environments such as 
boreal forest.  
 
Methods to asses Hesselman’s question 
During the century that has passed since Hesselman raised his critical question on 
pollen representation to von Post, six important approaches have been developed 
to assess the question of local presence of trees vs. long distance pollen transport:  
1) Site selection – basin type and size influence the pollen source area (Jacobson 
& Bradshaw 1981, Jacobson 1988, Sugita 1994); 2) Macrofossils – the correlation 
of pollen and macrofossils at one site can improve the interpretation of pollen 
analysis in terms of local presence of plants (Birks & Birks 2000, Birks 2003); 3) 
Pollen accumulation rate (PAR) – the measure of the absolute pollen contribution 
to a site (Hicks & Hyvärinen 1999, Hicks 2001, Seppä & Hicks 2006); 4) Modern 
pollen-vegetation relationship – calibration of current vegetation with pollen 
analyses from surface samples (Andersen 1970, Prentice et al. 1987, Gaillard et al. 
1994, Broström et al. 2004); 5) Simulation – generation of simulated pollen counts 
in modelled landscape scenarios (e.g. Sugita et al. 1999, Giesecke 2005, Fyfe 
2006, Caseldine & Fyfe 2006); 6) Quantitative reconstruction – a multi-step 
method aiming to quantify the local vegetation abundance by estimation of   
background pollen using different sized lakes (Sugita, in press a, b) and a 
quantification of the spatial scale for pollen source area (RSAP) (Sugita 1994). 
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In the current thesis these methods will be discussed in terms of their potential for 
elucidating early Holocene Picea abies establishment, and for addressing studies 
of vegetation history at the forest-tundra ecotone. 
 
Objectives  
The aims of the studies underlying this thesis were to: 
1) Verify and examine the establishment of early to mid Holocene Picea abies 
inferred from megafossils in the southern Swedish Scandes with palynological 
methods (Papers I and II); 
2) Examine the spatial distribution of Picea abies establishment in west central 
Sweden during the Holocene (Papers I and II); 
3) Explore palynological methods and site selection for the separation of 
background pollen from locally produced pollen, and to infer local tree dynamics 
(Papers I, III, and IV); 
4) Improve the understanding of the pollen-vegetation relationship at the forest-
tundra ecotone (Papers III and IV).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The study sites for Papers I-IV. Filled circles and triangles mark mires sampled for 
pollen analysis (Papers I and II). The hatched area show the area mapped for vegetation 
abundance (Paper III). The rectangle with broken line show the extent of the landscape model 
and the dots mark the sites for simulated pollen counts (Paper IV). Black lines represent roads, 
grey areas lakes and rivers, and the line to the left marks the border to Norway. 
Paper II 
Paper I 
Paper IV 
10ºE  15ºE 
65ºN 
 
 
 
60ºN 
 
Paper III 
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Study area 
The study area is situated in the central Scandes, in west central Sweden (Figure 
1). Amphibolite, gneiss and calcareous mica schist form the bedrock of 
Caledonian age which is mostly well covered by glacial till. The highest peaks are 
in the Sylarna massive, reaching more than 1700 m a.s.l, although most of the 
peaks in the area are around 1000 m a.s.l. The climate is semi-oceanic and humid 
with a stronger oceanic influence in the western part (Figure 2), where mires cover 
extensive areas, creating large open areas even below the forest-limit (Figure 3). 
 
  
 
 
 
 
 
 
 
 
 
The forest-limit varies, but in general the subalpine mountain birch forest zone is 
found between 600 and 800 m a.s.l. where Betula pubescens ssp. czerepanovii (N. 
I. Orlova) Hämet-Ahti is the main forest tree. Scattered trees are also found above 
the forest-limit, at favourable sites on the alpine tundra. Below 600 m altitude 
there is coniferous forest with Picea abies and Pinus sylvestris L., with the first 
being the predominant taxon.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Annual precipi-
tation (mm yr
-1) in central 
Sweden (Raab and Vedin, 
1995; data from SMHI 
1961-1990). The square 
marks the outline of 
Figure 1.  
Figure 3.  Mosaic of mire (sloping fens) and Picea-Betula forest in the north western part of 
the Skalstugan study area (Paper III). Photo Ulf Segerström.  
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Methods 
Three different approaches were used to investigate the establishment of Picea 
abies in west central Sweden, and to address Hesselman’s question on the 
interpretation of small pollen frequencies as local presence or pollen background: 
1) pollen analyses adjacent to megafossil sites, 2) estimates of parameters for the 
understanding of the pollen-vegetation relationship at the forest-tundra ecotone, 
and 3) pollen simulations in modelled landscapes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pollen sites in relation to megafossil finds 
Pollen analysis was performed to examine the local Picea establishment and 
elucidate the imprint in pollen analysis of late glacial and early to mid Holocene 
Picea trees inferred from megafossils (Paper I and II). A total of six mires were 
chosen for pollen analysis (Figure 4). Three sites were sampled for pollen analysis 
0     0.5     1 km 
Mt Totthummeln
Mt Åre-Björnen 
Storulvån
Storsnasen
Megafossil site
Tväråklumpen
Myrvang  
Megafossil site
c
d
b
   = Megafossil site
d 
Norway 
Sweden 
c 
b
a 
Figure 4. Sites cored for pollen 
analysis in relation to finds of Picea 
megafossils older than 4000 cal BP 
(Kullman 2000). At some sites several 
megafossils have been recorded.  
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in the Handölan valley (Paper I). The sites were chosen in relation to finds of early 
Holocene Picea megafossils (Kullman 1995a, 2000, Figure 4b) as well as present 
day Picea distribution in the valley. Peat cores were obtained from: Storsnasen; 
situated 30 m from a present Picea clone under which subfossil wood had been 
found and dated to 5500 calibrated years before present (cal BP),  Tväråklumpen; 
in an area were megafossils had been found, and Storulvån, situated outside the 
current  Picea distribution. From Storsnasen a simple macrofossil analysis was 
made, primarily to look for Picea remnants, although wood remnants of other taxa 
were also recorded.  
 
Spectacular finds of subfossil Picea wood remains on Mt Åreskutan dated to ca. 
13000, 12000, and 9700 cal BP and subfossils from other tree taxa dated to the 
Late glacial (Kullman 2002) have challenged the current climatic and deglaciation 
models (Birks et al. 2005). Since there were no peat deposits to be found near the 
megafossil site, the adjacent Mt Totthummeln and Mt Åre-Björnen were chosen as 
sample sites (Figure 4c). The pollen analyses aimed to assess whether there were 
any time differences in Picea establishment on the three mountain peaks, and 
thereby  determine whether the early establishment of Picea on Mt Åreskutan was 
a local or regional phenomenon in the area, and to asses the local vegetation 
history, focussing on tree dynamics (Paper II).  
  
From an additional sample site, Myrvang, situated at 395 m a.s.l in the 
coniferous forest in Norway (Figure 4d), a peat core was retrieved 50 m from the 
site where a subfossil cone of Picea abies with an age of 6800 cal BP had been 
found (Kullman 2000).  
 
Calibration of pollen and vegetation at the forest-tundra ecotone 
The aim of Paper III was to provide important parameters for the understanding of 
the pollen vegetation relationship at the forest-tundra ecotone, parameters that are 
necessary for quantitative reconstruction and pollen simulation and can improve 
the interpretation of palaeoecological studies at the forest-tundra ecotone. These 
parameters were: 1) relevant source area of pollen (RSAP); the distance from the 
centre of a basin beyond which the correlation between pollen deposition and 
surrounding vegetation does not improve, 2) background pollen loading; pollen 
coming from beyond the RSAP, 3) pollen productivity estimates (PPE); a relative 
measure of pollen productivity. These three parameters were calculated by 
analysis of modern pollen samples and the vegetation surrounding the sample sites 
using extended R-value (ERV) models, i.e. explanatory models for the pollen-
vegetation relationship.  
 
The ERV models assume a linear relationship between pollen and plant 
abundance in absolute units. For a linear relationship the vegetation has to be 
distance weighted as plants growing closer to a sample point contribute a greater 
proportion of the total pollen loading than plants growing further away (Parsons & 
Prentice 1981, Prentice & Parsons 1983, Sugita 1994, Broström et al. 2004). Since 
pollen data normally are presented in proportions the ERV-models include a factor 
to correct for the Fagerlind effect (Fagerlind 1952, Prentice & Webb 1986). This 
effect occurs when a linear relationship becomes non-linear when absolutely  
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measured variables are converted to percentages and is evident for taxa reaching 
>30% (Broström 2002). The ERV model sets up the basic equation: 
 
pi,k = αivikfk+zi           [ E q u a t i o n   1 ]  
 
where pi, k = pollen percentage of taxon i at site k, αi = pollen productivity of taxon 
i relative to the other taxa included in the sample, vik = vegetation abundance for 
taxon i at site k, fk = a site specific factor which varies in different ERV models 
according to the abundance and parameter values of all taxa at site k and 
compensates for the Fagerlind effect (Fagerlind 1952), and zi = the background 
component. There are three ERV models that differ in terms of pollen and 
vegetation input format and how the background pollen is defined (Sugita 1994, 
Jackson 1994, Broström et al. 2004) but the basic equation is standard. The slope 
of the pollen-vegetation relationship represents the pollen productivity of the 
taxon (PPE) and the y-intercept the background pollen component for that taxon 
(Parsons & Prentice 1981, Prentice & Parsons 1983, Sugita 1994, Broström et al. 
2004). 
 
 
Figure 5. Map of study area and location of the 30 moss polsters. Each contour line 
represents 40 m altitude. 
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Sphagnum moss polsters were retrieved from 30 randomly sampled sites and 
analysed for pollen (Figure 5). Around each moss polster the vegetation 
abundance was mapped for the major taxa. A field survey was performed to obtain 
vegetation abundance data up to 100 m distance from each sample site by mapping 
vegetation communities and estimating vegetation cover (Figure 6). Vegetation 
abundance out to 2000 m was retrieved from interpretation of remotely sensed 
data (Colour Infra Red (CIR) aerial photos). The vegetation survey was performed 
by members of the pollen landscape calibration (POLLANDCAL) network 
(http://www.geog.ucl.ac.uk/ecrc/pollandcal/index.htm). The pollen counts and 
plant abundance data for 10 major taxa at the forest-tundra ecotone: Pinus, Picea, 
Betula, Cyperaceae, Salix, Juniperus, Poaceae, Calluna, Empetrum, and Ericaceae, 
were obtained from the 30 sites and formed the input for the ERV-models that 
were run using the software ERV-v6 (Sugita unpublished). The outcome from the 
computer runs of the ERV-models was used to estimate RSAP, PPE, background 
pollen and local pollen (i.e. pollen coming from within the RSAP). The results 
were compared with PPE from previous studies. For more details of the methods 
see Paper III.  
 
 
 
 
A simulation approach  
The use of pollen analysis for detection of tree-line and forest-limit fluctuations 
was addressed with a simulation approach (Paper IV). The study area was centred 
in the Handölan valley, the same study area as in Paper I, an area with a unique 
palaeoecological record. A ‘real’ landscape, based on GIS analysis, was 
subdivided into a number of landscape mapping units which reflect the major 
vegetation zones in the landscape. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Vegetation mapping: 1) estimation of 
vegetation cover in four 0.5 X 0.5 m squares, 2) 
division in vegetation classes and estimation of crown 
cover of individual trees, 3) division of vegetation 
classes, estimation of single tree crown cover for 
solitary trees and total crown cover for groups of trees 
or forest stands, 4) division into polygons and 
estimation of proportion of land cover types: 
coniferous forest, deciduous forest, Salix shrubs, 
meadow, heath, wind heath (< 25 % vegetation 
cover), mire, water and non pollen producing areas 
such as settlements.  
Figure 7. Schematic figure of the forest-tundra ecotone with landcover classes used for 
landscape modelling: mountain heath, tree-line ecotone, forest limit ecotone, two types of 
forest and mire (hatched).  
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Based on local and regional pollen analyses (Paper I, Lundqvist 1969, Holmgren 
2000, Bergman et al. 2005) abundance of taxa was added on the basis of a general 
model (Figure 7). The limit of vegetation zones was varied for different time slices 
(Figure 8) according to local studies of Holocene tree-line fluctuations (e.g. 
Kullman 1995b, 1998a, 2004, Kullman and Kjällgren 2000, Bergman 2005).  
  
The modelling approach applies recent advances within the POLLANDCAL-
network (http://www.geog.ucl.ac.uk/ecrc/pollandcal/index.htm) in the application 
of the relationship between pollen and distance-weighted plant abundance 
(Prentice 1985, Sugita 1993, 1994). By generating numerous (121) simulated 
pollen counts systematically placed (Figure 1) at different elevations in the 
landscape model, a mean simulated pollen record was calculated for different 
altitudinal ranges, by use of the PPE from Paper III. The simulated pollen counts 
Figure 8. Overview of the 
five landscape simulations 
representing five time 
slices (10000, 8500, 5000, 
2000, 0 BP):  
Red = non-pollen 
producing   areas 
(outcrops, snowpatches) 
Blue = water  
Purple = mountain heath  
Pale green = tree-line 
ecotone 
Light green = forest-limit 
ecotone  
Mid-green = forest 1  
Dark green = forest 2 
Pale brown = mire 
Illustration by Ralph Fyfe. 
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were then compared with actual local pollen studies and thereby the basic 
assumptions for the modelled landscapes could be validated and offer new insights 
for discussing the tree-line and forest-limit fluctuations and changes in tree 
composition during the Holocene. 
  
 
 
 
Figure 9. View of Mt Tväråklumpen (left) and Mt Storsnasen (right). The white circle 
marks the Picea clone described in Paper I. The sample site Storsnasen is situated just 
behind the stand including the Picea clone. The arrow points at site Tväråklumpen.   
 
Results & discussion 
Pollen analyses in relation to early Holocene Picea abies 
megafossils 
The pollen record is only in accordance with the Picea megafossils following a 
traditional interpretation, at one of the six sites, Storsnasen (Paper I). Here the start 
of the continuous Picea curve coincides with the age of the wood remains of Picea 
abies, ca. 5500 cal BP (Kullman 1995a), found 30 m from the coring site (Figures 
9 and 10, Paper I). Between 8500 and 5500 cal BP there is a regular low 
proportion of Picea pollen that coincide with seven Picea megafossils older than 
5000 cal BP and registered at Mt Storsnasen (Kullman 2000, Figure 4b). The 
oldest is dated to 9000 cal BP.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. The Picea clone 30 m from the pollen sample site Storsnasen (Paper I). 
Under this clone subfossil Picea abies was found and dated to 5500 cal BP 
(Kullman 1995a). Picture taken standing at the coring site.   
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At Tväråklumpen, 2 km further into the Handölan valley (Figure 9), the 
continuous curve starts at ca. 3000 cal BP, without any preceding stray finds of 
Picea pollen. At Mt Tväråklumpen five Picea megafossils older than 4000 cal BP 
have been found (Kullman 2000, Figure 4b). At Storulvån the Picea pollen curve 
starts at ca. 500 cal BP. Three pollen grains were registered before the Picea rise, 
at 9000, 7500 and, 2000 cal BP. From the other three sites only a few Picea pollen 
grains where recorded before the rise of the Picea curve, i.e. at Mt Åre-Björnen 
single Picea pollen grains were found at 9000 and 5000 cal BP (Paper II) and 
none neither at Mt Totthummeln (Paper II) nor at Myrvang (Figure 11). 
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Figure 11. Percentage pollen diagram from Myrvang, Sør-Trønderlag, central Norway 
(63º34’N, 11º26’E, Figure 4). From the left: depth scale in cm, presence of charcoal 
particles, percentage of individual pollen taxa and spore types. Black fields show the 
percentage of each pollen type, and hollow fields demonstrate per mille values. Each 
sample represents 2 cm. The pollen percentage is based on 450-550 terrestrial pollen grains 
counted including Cyperaceae. A comparison of the Ulmus curve and the Picea curve in 
pollen analyses from the region give an approximate age of 2000 cal BP for the start of the 
Picea curve. Analyst: Anna Berg. 
 
Only at Storsnasen could the mid Holocene Picea megafossils (Kullman 1995a) 
be confirmed by pollen analysis. The regular presence of Picea pollen from 8500 
cal BP could be interpreted as local contribution. The single pollen grains 
preceding the continuous Picea pollen curve would normally have been regarded 
as long distance transport. With the Picea megafossils (Kullman 2000) found in 
the area an alternative interpretation is possible. The small pollen frequencies at 
periods where local trees have been inferred from megafossils imply that these 
trees represent a limited distribution of Picea abies, and possibly only scattered 
trees. To be able to record those early Picea outposts the pollen sample site has to 
be within tens of meters from the former Picea population. Further, in the boreal 
forest with a high total pollen production the pollen contribution from one or a few 
trees may be too small to be recorded with a pollen count of 400-500 pollen as at 
Myrvang, as no pollen were recorded 50 m from the inferred Picea trees. In the 
search for a single large grained pollen type it is possible to make a quick scan of 
the pollen slides. This has been done in studies of Picea pollen to get per mille 
values: von Post (1918) counted Picea in relation to Pinus pollen, Fægri used  
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(1950) arboreal pollen, and Giesecke (2005) used an added spike; Lycopodium 
spores. The method can been used to detect small scale differences that with a 
normal pollen count would require a sample site very close to the former plant 
site, such as small scale agricultural fields (Edwards et al. 2005) or the 
establishment of small Picea populations in a high pollen producing environment. 
At Myrvang, the pollen sum required in order to record Picea pollen from the tree 
inferred by the mid Holocene Picea cone in a high pollen producing environment 
such as the boreal forest, would have been interesting. However, the quick scan 
method may be fast in relation to counting all pollen, but is still time consuming 
and was therefore beyond the scope for the Myrvang study.   
  
Pollen productivity estimates 
A comparison with PPE from southern Sweden (Sugita et al. 1999, Broström et al. 
2004) shows differences that confirm the assumption of Sugita (1994) that PPE 
may vary between regions (Paper III). PPE is a major parameter for simulation 
studies and quantitative reconstruction. In order to establish firm PPE for different 
types of regions it is important to understand the causes of the variation in PPE. 
 
The major differences between PPE in west central Sweden and Southern 
Sweden are found for taxa with a different growth behaviour in the mountain 
region and with a dissimilar species or subspecies representation in the pollen 
taxa. Growth behaviour may have two implications for pollen dispersal and PPE: 
1) a prostrate plant may have less flowers in relation to leaf cover than a tree-
formed plant; 2) the pollen from the prostrate form are less dispersed since wind 
dispersal is more efficient higher up from the ground. The taxon Juniperus is one 
example, where the southern J. communis ssp. communis L. in southern Sweden is 
more of a tree, while the prostrate J. communis ssp. nana (Willd.) Syme that is 
found in northern Sweden rarely is more than 1 m high. For Salix the main pollen 
contributor in southern Sweden is the tree Salix caprea, while in the Scandes the 
main Salix species are shrubs or even dwarf shrubs. For both these taxa the PPE 
from west central Sweden is lower than from southern Sweden (Table 1). 
 
Taxon  Pollen productivity estimates 
 west  central  southern 
   Sweden  Sweden 
Alnus   - 4.2 
Betula  2.2 8.9 
Calluna  0.30 4.7 
Cyperaceae 0.89  1 
Empetrum  0.11 - 
Ericaceae 0.07  - 
Juniperus  0.11 2.1 
Picea  2.8 1.8 
Pinus  21.6* 5.7 
Poaceae 1  1 
Salix  0.09 1.3 
Table 1. Pollen productivity 
estimates from west central Sweden 
(Paper III) and southern Sweden 
(Broström et al. 2004, Sugita et al. 
1999). * PPE is not reliable because 
of too low vegetation abundance 
gradient.   
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For  Betula the same reasoning as for Juniperus is valid, with a different 
subspecies at the mountain range. Different taxa and indirect climate effects may 
be the most important reasons for differences in the PPE from the forest-tundra 
ecotone compared to southern Sweden. Also important is the pollen production of 
the reference taxon Poaceae, since PPE is a relative measure. In the humid oceanic 
climate in west central Sweden pollen production of Poaceae may be less affected 
by climate than other taxa, thereby causing a generally lower PPE for the taxa at 
the forest-tundra ecotone (Table 1). 
 
It has been proposed that the pollen production of Picea abies growing on their 
climatic margin should suffer relatively more than Betula and Pinus, since Picea 
in these areas mainly rely on vegetative reproduction. Therefore the higher PPE 
for Picea than for Betula was unexpected (Table 1). Unfortunately the PPE for 
Pinus was not reliable since the vegetation gradient of Pinus was too small. The 
PPE for Picea may also vary, since there is a high variability in Picea pollen 
production in marginal areas compared to Betula and Pinus (Hicks & Hyvärinen 
1999, Hicks 2001). The higher frequency of warm summers at the forest-tundra 
ecotone during the last decade suggests that there may be a temporal variability in 
pollen productivity over decadal time scales where the general pollen production 
is low and there is a strong variability in flowering depending on climate (Paper 
III). The flowering variability emphasizes the importance of including several 
years of pollen deposition in the moss polsters in studies of PPE and pollen-
vegetation relationships in marginal areas. Therefore moss polsters of Sphagnum, 
as used in Paper III, are recommended in climatically unfavourable regions, since 
the dead part of the moss is preserved, and thereby several years of pollen 
representation is accumulated in each moss polster (cf. Räsänen et al. 2004). 
 
A better understanding of what causes the variation in PPE would make it 
possible to choose the PPE suitable for the study region, without having to obtain 
local PPE for every area that you wish to include in a simulation study or for 
quantitative reconstruction. Comprehension of the parameters that influence PPE 
will also make it possible to vary PPE through time, and thereby take into account 
the long term vegetation dynamics with shifts in biomes from e.g. tundra to boreal 
forest, that may be apparent in a pollen diagram. PPE may be varied in two ways: 
1) PPE obtained from tundra environment and boreal forest respectively can be 
used for the different periods at the same site using current PPE as modern 
analogues, 2) to vary PPE for different periods in a consistent way according to 
factors influencing PPE such as changes in climate. In a setting with different 
biomes within a limited distance, as is the case in mountainous areas, it is possible 
to use different PPE within the same period i.e. forest-tundra ecotone PPE for the 
local pollen and boreal forest PPE for the vegetation at a certain distance. A fist 
step in this direction is the several PPE-studies that has been performed recently 
from different regions by researchers within the POLLANDCAL-network (Paper 
III, Broström et al. in prep), and more studies are planned or under preparation. 
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Background and local pollen 
When interpreting a pollen diagram the pollen assemblage is traditionally divided 
into three different source categories: local pollen; pollen coming from plants 
growing in the vicinity of or on the site, regional pollen; pollen that reflects the 
regional plant composition, and long distance transport; pollen coming from 
hundreds of km away. These categories are commonly used in palynology, but the 
distinctions between the categories are rather vague. The definition of background 
pollen as pollen contribution from plants growing beyond the RSAP and local 
pollen as pollen coming from within the RSAP quantifies the spatial scale (Sugita 
1994). Background pollen load is by this definition constant in a given region of 
ca. 5000 km
2. However, the proportion of background pollen varies between sites 
with site characteristics such as basin size and local pollen production. The 
background pollen load includes both regional pollen and long distance transport, 
without making any distinction between the two.  
 
Estimation of the background pollen component is the key to quantitative 
reconstruction (Sugita in press a, b). The background of current pollen loading can 
be quantified by applying ERV-models to modern pollen and vegetation 
abundance (Parsons & Prentice 1981, Prentice & Parsons 1983, Prentice 1985, 
Sugita 1994, Calcote 1995, Paper III). This also allows for calculation of the local 
pollen, i.e. pollen coming from within RSAP, estimated to 500 m for moss polsters 
at the forest-tundra ecotone (Paper III). The results showed that background 
constituted ca. 60% of the total pollen, with mostly tree pollen (Table 2). More 
than half of the local pollen originated from graminoids. This low local pollen 
contribution of the trees growing at the forest-tundra ecotone (Pardoe 2001, Eide 
et al. 2006), confirms that changes in the tree-lines can be hard to study using 
pollen analysis only (Birks & Birks 2000).   
 
The varying pattern of Picea pollen at the three sites in the Handölan valley was 
used to indicate that there was no background of Picea pollen in the valley until 
recently (Paper I). Thereby the Picea pollen frequencies were used to infer local 
trees, rather than long distance transport. This use of multiple sites requires that 
the pollen analyses are performed on stratigraphies taken from similar basins in 
the same region with comparable RSAP, and works only for a single pollen taxon 
that is present in the pollen spectrum from some sites and absent from others.  
Taxon
mean % s.d. mean % s.d. mean % s.d.
Betula 26.6 14.0 20.4 2.1 6.2 14.5
Pinus 24.1 8.7 23.2 2.4 0.9 8.7
Picea 13.8 7.6 8.9 0.9 4.9 8.1
Poaceae 11.0 12.7 3.3 0.3 7.7 12.8
Cyperaceae 20.6 17.6 0.6 0.1 20.0 17.5
Salix 0.2 0.2 0.1 0.0 0.1 0.2
Juniperus 1.0 1.0 1.0 0.1 0.0 1.0
Ericaceae 0.7 0.6 0.4 0.0 0.3 0.6
Calluna 0.8 1.0 0.2 0.0 0.6 1.0
Empetrum 1.1 1.7 0.7 0.1 0.4 1.6
Background
pollen
Local Observed
pollen pollen
 
Table 2. Mean of the observed 
pollen proportions from all moss 
polster sites (Paper III): 
background pollen, and local 
pollen; observed pollen minus 
background pollen, and standard 
deviation.  
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In the pollen analyses from moss polsters (Paper III) Urtica, Alnus, and Pinus 
were recorded at most sites, but were absent or had low occurrences in the 
vegetation (Figure 12). Thereby the regional background for these taxa is the mean 
pollen frequencies from all the sites (Table 3). Urtica was not found on any of the 
30 sites (100 m radius) surveyed in the field, only a few trees of Alnus was found, 
and  Pinus was present only in open forests in the northern part of the area. 
Estimates of the present regional background pollen can be used to support 
interpretations of fossil pollen diagrams from similar regions.  
 
  Mean (%)    S.D.  Sites without  
         pollen 
Alnus  21.1 0.7  1 
Pinus  22.4 8.8  0 
Urtica  20.3 0.3  5 
 
Background pollen frequencies should be used with great care, since they are 
proportional and therefore vary with site characteristics. Another reason for 
caution with modern estimations of background for interpretation of fossil pollen 
diagrams is that the regional vegetation may have changed (cf. Giesecke 2005). 
This can explain the difference in background pollen between Papers I and II on 
one hand that indicate no Picea background until recently and Paper III on the 
other, where the modern background is estimated to 8%. One reason for the 
discrepancy can be that the present predominance of Picea at and around 
Skalstugan (Paper III) is quite recent. At Storulvån (Paper I) the Picea pollen 
proportion is 4% in the surface sample. This site is situated outside the present day 
Picea distribution as the Picea forest-limit is ca. 5 km to the north, along the 
Handölan valley. In all other directions the site is surrounded by mountains, and 
with more than 20 km to the Picea distribution limit. This addresses the questions 
of the influence of topography and predominant wind direction on regional 
background pollen and pollen dispersal in general, that complicates the present 
models for pollen dispersal and deposition (cf. Paper IV).  
 
Simulation as a means to understand past vegetation dynamics 
Simulation studies represent a very simplified universe and thereby all simulations 
fail to strictly mimic reality. Despite that, modelling and simulation can give 
valuable results that help to understand the reality. With a GIS program a 
modelled landscape can be visualized, and the landscape model can be evaluated 
in relation to pollen analyses from the area. The simulation approach offers an 
opportunity to try out intuitively based hypotheses of vegetation structure or of 
methodological aspects of pollen analysis and thereby make diffuse thoughts of 
past plant distributions more explicit. Modelling will offer possible scenarios and 
identify those scenarios that are extremely unlikely (Caseldine & Fyfe 2006) and 
in the process alternative interpretations may develop.  
 
The modelled landscape in Paper IV showed a good agreement from 8500 to 0 
BP with the actual pollen analyses, implying that the landscape scenarios 
suggested from the model are based on a plausible model for tree-line variation 
and plant abundance, which was very encouraging. The good agreement was 
Table 3. Mean pollen proportions of 
selected taxa, based on pollen 
analysis from 30 moss polsters at 
Skalstugan, standard deviation and 
number of sites without any pollen 
record of the selected taxa.      
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based on similar trends in the diagrams rather than actual frequencies. For the 
10000 BP time slice the agreement was poor between simulated and actual pollen 
counts. One reason for the discrepancy could be that the palaeoecological data for 
this time is insufficient as some of the pollen analyses do not reach that far back in 
time and the megafossils that were the bases for the reconstruction of tree-line 
fluctuations are few (Kullman 1995b, 2004, Kullman & Kjällgren 2000). The 
main reasons are however, probably that the altitudinal zonation had not yet 
developed (Hammarlund et al. 2004, Bergman 2005), and that we lack modern 
analogues to the period when Hippophaë rhamnoides L. grew together with Betula 
and Pinus directly after the deglaciation. The finds of early Holocene megafossils 
of thermophilous trees such as Quercus robour L., Tilia cordata Mill. and Corylus 
avelana L. in the area (Kullman 1998b, c) underline the difficulties to visualize the 
early Holocene landscape based on any current vegetation settings. However, the 
simulation approach includes, in theory, infinite possibilities to vary the vegetation 
composition. Thereby the simulation approach may be an instrument to overcome 
the classic problem with lack of modern analogues, and instead constitute a source 
for the development of alternative hypotheses. 
 
An obvious advantage of the simulation approach is the possibility to run series 
of pollen counts by just pushing a button. Thereby trends can be visualized as in 
Paper IV where average pollen frequencies are used to represent different 
altitudes, and thereby overcome the signals from local variation. The simulation 
approach has been used to give insights to a wide spectrum of palynological 
problems, and thereby contributed to the understanding of vegetation dynamics. 
Besides Paper IV that deals with Holocene tree-line variation the potential of the 
simulation approach can been illustrated by previous simulation studies that has 
dealt with various dilemmas in vegetation history, such as the characteristics of 
elm decline/landnam landscapes in Ireland (Caseldine & Fyfe 2006), the 
expansion of mixed agriculture to the uplands in medieval south western England 
(Fyfe 2006), and whether the migrational pattern of Picea to Scandinavia was a 
moving front or expanding populations (Giesecke 2005). The simulation approach 
can also be extremely helpful in the experimental design of a pollen based project, 
as in paper IV that aimed to specify the optimal altitude for site selection for the 
study of Holocene tree-line and forest-limit variation. For studies using multiple 
sites the optimal location and number of sites can be explored. Simulations have 
also been used to explore different aspects related to models of pollen distribution 
and deposition such as the effect of landscape openness on pollen analysis (Sugita 
et al. 1999), influence of vegetation structure on pollen source area (Bunting et al. 
2004, Nielsen & Sugita 2005), effects of basin size on RSAP (Sugita 1994), and 
sampling strategy for obtaining good PPE (Broström et al. 2005). 
 
Establishment of Picea abies in west central Sweden 
Picea became established in the area during the early Holocene (Kullman 2000) as 
scattered trees. At a few sites (Figure 13: site 14, 17, 22, and 27) there was an 
expansion of Picea during the mid Holocene although the general Picea expansion 
in the area was around 2000 BP (Figure 13). The local establishment in the 
Handölan valley (Paper I) shows a different pattern of Picea expansion, with 
Picea expanding into the valley at a rate of 1 km per millennium. Picea expanded  
 
  24
at 5500 BP in the northern part of the valley and reached the present Picea tree 
limit 6 km further south only recently (Paper I, Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Map of palaeoecological sites related to Picea establishment and 
expansion in a part of central Scandinavia. Black circle marks mires analysed for 
pollen, followed by id and age (cal BP) of the rise of the Picea pollen curve (1-4; 
Trillerud 1983, 5-10 and 16-18; Sandvik 1986, 11-13; Selvik 1985, 14, 15, 19 and 
23-25; Lundqvist 1969, 20-22; Paper I; 26-27; Paper II). At some pollen sites the 
first age represents the start of the continuous Picea pollen curve and the second 
represents the rise. Triangle marks sites for Picea megafossils followed by age (cal 
BP) in italics (Kullman 2000).  
 
The lack of correlation in time between the early to mid Holocene Picea 
megafossils (Kullman 2000) and the rise of the Picea pollen curve from sites in 
the same area (Figure 13), imply that these proxies work on different spatial 
scales. Megafossils infer no more than the actual specimen or possibly solitary 
trees, although there can be few doubts that the tree actually grew there. The low 
frequencies of Picea pollen from the early Holocene suggest that the there were 
only small numbers of Picea trees established (Paper I and II). The rise in the 
pollen curve is instead a reflection of local Picea population expansion. The local 
dates for the rise in the Picea curve vary, in accordance with the model of 
expanding populations (cf. Giesecke 2005), although the time difference between 
Picea expansion at adjacent sites may be much greater than earlier realized. The 
local variation in Picea expansion apparent in Figure 13 is normally lost in large 
scale migrational reconstructions (e.g. Moe 1970, Huntley & Birks 1983, 
Latałowa & van der Knaap, in press). The pattern of local Picea establishment and 
expansion based on the unique palaeoecological record of pollen analyses and 
c
c 
0           10          20 km   /
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c  
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megafossils from the central Scandes offers a possibility for alternative inter-
pretations of previous pollen diagrams. Pollen diagrams from two adjacent mires 
at Storvallen (Figure 13: site 17 and 18) gave very different ages for Picea 
expansion, 2950 and 5500 cal BP respectively (Sandvik 1986). The older 
radiocarbon date was discarded by Hafsten (1992) since it did not fit with the 
general model. Within a few km from the site a megafossil of Picea has been 
dated to 5400 cal BP (Kullman 2000). A long tail of continuous Picea pollen 
preceding the rise in the curves at site 9 and 10 were considered as long distance 
transport (Hafsten 1992).  
 
Considerations on methods for inference of local trees  
Birks & Birks (2000) recommend that pollen analysis should be combined with 
analysis of macrofossils at tree-less situations such as studies from the Late glacial 
or at the tree-line. The macrofossil analysis from Storsnasen (Paper I) was made 
with the aim to find Picea needles. No needles were found, but coniferous wood 
(most of it Pinus) and Pinus bark was found from 8000 to 2000 cal BP. These 
macrofossils enabled the inference of local forest cover on the site. The denser 
forest reconstructed from 8000 to 2000 cal BP imply a higher local tree pollen 
production, and thus the low percentages of Picea pollen were interpreted to be of 
local origin, rather than long distance transport.  
 
Megafossils are normally interpreted as evidence of local growth, since large 
pieces of wood or cones are not expected to travel long distances. Megafossils, 
however take a lot of time and effort to localize. The megafossil record is 
therefore discontinuous and the finds may be more related to preservation 
conditions than true differences in former population sizes. The megafossils 
themselves can also be dated, and thereby disturbances in the stratigraphy that can 
be crucial in the study of pollen, is of less concern. Although, as every specimen 
needs to be radiocarbon dated to have the full value for interpretation of former 
vegetation conditions it can be rather expensive. The finds of late glacial 
megafossils at Mt Åreskutan (Kullman 2002) have been questioned since they 
challenge the present models of climate change and deglaciation (Giesecke 2004, 
Birks et al. 2005, Birks et al. 2006). The arguments brought forward have been the 
rareness of late glacial megafossils and the dating being most critical. The 
suggestion that nunatacks occurred in Norway from 16 000 cal BP (Paus et al. 
2006) supports Kullman’s argument that the earlier models need to be revised.  
 
The pollen accumulation rates (PAR) can indicate whether a tree taxon really 
was growing close to a site or whether a regional source or long distance transport 
is more liable. The absolute measure of pollen is an attractive approach that offers 
many possibilities. Based on modern pollen rain in pollen traps Hicks (2001) has 
suggested limits of influx to infer tree-line and forest-limits in northern Finland. A 
limitation of PAR is that it requires a very good chronology that may not be 
achieved even with several radiocarbon datings (Telford et al. 2004). This was the 
main reason for not including PAR in Paper I and II. At the only site with an age 
chronology good enough for estimation of PAR, Storsnasen, the analysis of 
macrofossils was used to infer local trees making estimation of PAR unnecessary  
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(Paper I). However, the estimation of PAR would have been interesting for 
comparison to other studies (Hicks 2006). 
The interpretation of different proxies is often complex and differences between 
sites may be caused by different basin characteristics rather than reflections of 
actual vegetation, and thereby the interpretation of PAR and macrofossils may 
actually conflict (cf. Eide et al. 2006). Also, since local pollen production may 
vary PAR thresholds from pollen traps indicating presence of trees or forest 
(Hicks 2001) can not be transferred unambiguously to another region (Karlsson et 
al. in press.). 
 
Hesselman’s question revisited 
When Hesselman raised his critical question to von Post he questioned the 
reliability of interpreting pollen analysis in terms of local vegetation changes. He 
was confident that the long distance transport would totally overshadow the local 
pollen contribution in any situation (Hesselman 1916, 1919). Hesselman’s 
criticism was a bit exaggerated since the long distance transport in most 
environments is negligible, due to the large local pollen production. However, the 
regional pollen contribution may have a large influence, depending on basin size 
(Sugita 1994) and  Hesselman’s comments may still be relevant for tundra 
conditions (Birks & Birks 2000) and studies from the late glacial (Birks 2003, 
Brubaker et al. 2005) where the local pollen production is low and the relative 
contribution of pollen coming distant sources is high.  
 
There is no panacea in palaeoecology for inference of local presence of trees at 
any site, but a spectrum of methods and applications may contribute valuably to 
the understanding of the past. Different proxies have different advantages and the 
choice of methods may vary. Most fundamental is to design the project and chose 
the methods best aimed to answer the research question addressed. This has not 
always been the case in palaeoecological studies that sometimes have had a 
tendency to be more descriptive than aiming at hypothesis testing (Caseldine & 
Fyfe 2006). The multiple site approach is essential in studies of the immigration of 
a single taxon such as Picea (Paper I). Paper IV showed that there may be an 
optimal altitudinal range for pollen analysis to detect Holocene tree-line dynamics, 
at least in a modelled landscape. In reality things are more complex and the use of 
multiple sites at different elevation may be the design that has the best probability 
of detecting Holocene tree-line changes (c.f. Eide et al. 2006). But while tree-line 
changes are directional, the distribution of single trees or small populations of e.g. 
Picea is more random. The multiple site approach requires something to relate to 
such as altitude for tree-lines or megafossils as in the case of Picea migration 
(Paper I); otherwise many more than three sites are required. For studies at the 
forest-tundra ecotone the use of PAR and macrofossils can be good supplements 
to traditional percentage pollen analysis (Eide et al. 2006, Seppä & Hicks 2006). 
 
The theoretical models of pollen dispersal and pollen deposition have helped in 
understanding the influence of background pollen, as they facilitate simulations 
(Paper IV) and to quantify parameters for modern pollen vegetation relationships, 
i.e. RSAP, background pollen, and PPE (Paper III). In all they enable more 
reliable reconstructions of past landscapes from fossil pollen.   
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The problem of background pollen may be resolved with the quantitative 
reconstruction approach as the last theoretical pieces of the puzzle are fit together 
with the two step model called the Landscape Reconstruction Algorithm (LRA): 
1) Regional Estimates of Vegetation Abundance from Large Sites (REVEALS) 
that estimates the regional vegetation composition (Sugita in press a) and 2) the 
LOVE (Local Vegetation Estimates) model that translates the regional vegetation 
composition to background pollen that is used for reconstruction of local 
vegetation (Sugita in press b). With the theoretical framework ready the 
application and validation of the method can get started. The study area in Paper 
III, with numerous lakes of any size, and with local PPE would be a suitable area 
for the quantitative reconstruction approach.  
 
 
Conclusions  
• The early to mid Holocene Picea megafossils could be verified by pollen 
analysis. However, the pollen sample site has to be located within tens of meters 
from the megafossil site, in order to record pollen from the former Picea trees.  
• Early Holocene Picea pollen grains recorded in pollen diagrams in west central 
Sweden can in most situations be considered as of local origin. Picea was not 
included in the pollen background until the late Holocene.   
• The local Picea establishment and expansion may differ in time and rate 
between adjacent sites. Low proportions of Picea pollen that predate the regional 
Picea expansion can therefore not unambiguously be regarded as due to long 
distance transport. 
• During early Holocene Picea established in west central Sweden as scattered 
solitary trees. During mid Holocene there was a local Picea expansion at some 
sites, preceding the regional Picea expansion at ca. 2000 cal BP.  
• Pollen analysis from multiple sites, calibration of pollen and current vegetation, 
and the combination of pollen and macrofossils or megafossils from adjacent sites 
were all successful methods for elucidating local Picea migration, to quantify the 
present pollen background, and to enhance the understanding of past spatial tree 
distribution.  
• Pollen productivity estimates (PPE) at the forest-tundra ecotone differs from 
PPE in southern Sweden. The differences may be explained by climatic conditions 
that influence pollen production, species included in the taxon, and growth 
behaviour. It is important to understand why the PPE varies in order to establish 
firm estimates for different regions.  
• The simulation approach can give valuable insights to both long term vegetation 
dynamics and methodological issues in palynology. Specific areas where the 
simulation approach has a high potential are at: evaluating hypothesis of past 
vegetation dynamics, providing the foundation for creating new hypotheses; i.e. 
concerning vegetation communities that lack modern analogues, exploring the past 
spatial plant distribution and create landscape scenarios, and examining the 
optimal experimental design for pollen based projects; i.e. optimal site placement 
and number of sites.   
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